[1] The mean and seasonal circulation of the Gulf of California is simulated with a threedimensional numerical model, forced by the Pacific Ocean through specifying the sea level, the temperature, and the salinity fields at its entrance. At the sea surface, the wind and the heat and freshwater fluxes are specified. The model reproduces the observed mean and seasonal variability of sea level, of heat and salt balances, and the sea surface temperature (SST) climatology. It also reproduces the general surface circulation of the northern gulf, which consists of a seasonally reversing basin-wide gyre. It is found that tides and heat fluxes are both indispensable to reproduce the spatial structure and temporal evolution of the SST. Tides provide the mixing to upwell the cooler subsurface waters in the large islands area, and the heating from the surface raises the SST. The general circulation of the southern part of the gulf is due to the wind and the Pacific forcing. In the Ekman layer, two periods of anticyclonic circulation and one cyclonic per year occur; below this layer, two cyclonic periods develop. In the northern part, the tides play an important role in producing mean residual currents, and both, tides and winds, compete against the Pacific forcing to produce a cyclonic and anticyclonic circulation once a year. Contrary to conclusions of previous studies, the thermohaline circulation is found to be unimportant in the gulf.
Introduction
[2] The Gulf of California is a marginal sea between mainland Mexico and the Baja California peninsula (Figure 1 ). Its dimensions are roughly 150 km wide and 1100 km long, with depths varying from about 200 m at the head to 3600 m at the mouth. The general circulation and its seasonal variability result from the forcing of the Pacific Ocean at its opening (tidal and low-frequency motions) [Merrifield and Winant, 1989; Ripa, 1990 Ripa, , 1997 Beier, 1997] , of the atmosphere at the sea-air interface (momentum, heat and freshwater exchange), and the nonlinear interaction of these motions with the topography. The tides are in cooscillation with the Pacific Ocean and the semidiurnal constituents are near resonance, with head amplitudes four times larger than those at the mouth. Tides and tidal currents have been successfully modeled with one-, two-and threedimensional models [see Marinone, 2000] , and their residual currents have been found to be on the order of a few cm s
À1
in the northern gulf.
[3] The northern gulf's large-scale surface circulation is dominated by reversing seasonal gyres (cyclonic in summer and anticyclonic in winter) as documented by Lavín et al. [1997a] with satellite-tracked drifters measurements by Carrillo et al. [2002] from geostrophic calculations and by with moored current meters. This is the best documented feature of the circulation both from observations and from numerical modeling [Beier, 1997; Beier and Ripa, 1999; . The cyclonic gyre lasts about 4 months (JuneSeptember) and the anticyclonic one about 6 months (November -April). In the southern gulf, estimations from ship drift indicate outflow during winter and inflow during summer and mass conservation requires a compensating flow at depth. Beier [1999] , with a two-layer model forced at the annual timescale, found that the circulation is cyclonic in summer with inflow in the continental side and anticyclonic in winter with inflow in the Baja California side.
[4] The low-frequency sea surface elevation variability is also well documented both from observations and models [Ripa and Marinone, 1989; Ripa, 1990 Ripa, , 1997 Beier, 1997] . The annual component increases from $14 cm at the mouth to $20 cm at the head. Analyzing the behavior of this variable, Ripa [1990 Ripa [ , 1997 introduced the idea of a baroclinic Kelvin wave forced at the mouth of the gulf by the Pacific Ocean, which enters the gulf and goes around it. The semiannual component of the sea level has a much smaller amplitude; it varies from $4 cm at the mouth to $2 cm at the head.
[5] The general circulation has been inferred from hydrographic data by Bray [1988a] and consists of outflow between 50 and 250 m, inflow from 250 to 500 m, and a surface layer responding to large-scale winds, i.e., a threelayer system (this result would be discussed below on the light of the results obtained here). This circulation is influenced by the heat and freshwater fluxes at the sea surface: the gulf gains heat and evaporation exceeds precipitation in the annual cycle [Lavín and Organista, 1988; Castro et al., 1994] . Heat fluxes at the surface and the flow of Pacific waters at the mouth produce an annual mean sea surface temperature (SST) that decreases toward the gulf's head, while its time variability increases [Soto-Mardones et al., 2000] . The temperatures are lower in the islands region with respect to the rest of the gulf because of stronger tidal mixing there [Badan-Dangon et al., 1985; Paden et al., 1991; Argote et al., 1995] .
[6] The vertical structure of the currents has been described mainly through geostrophic calculations. At the mouth of the gulf, different studies, mostly in winter, show currents of 10 cm s À1 that are cyclonic with a large vertical extension, reaching depths greater than 1000 m [Roden, 1972; Fernández-Barajas et al., 1994; Collins et al., 1997] .
In the central gulf, Marinone and Ripa [1988] and Ripa and Marinone [1989] report a seasonal cycle of a nearly two-layer system, with currents from 4 to 12 cm s À1 . Marinone and Ripa indicate that for the upper 100 m there is mostly a southward flow in winter and northward flow in summer and opposite currents at depth. Carrillo et al. [2002] , for the northern gulf, showed that the vertical structure related to the cyclonic and anticyclonic gyres basically covers the entire water column. Figueroa et al. [2003] find that the vertical extent of the geostrophic currents, in the southern gulf, reaches most of the water column. All these studies are limited to a level of no motion of 500 or 1000 m and in some cases to the bottom. Therefore there is no accepted description of the vertical structure of the circulation of the Gulf of California. From these studies we can say that there are several layers involved in the gulf's general circulation.
[7] The objective of this paper is to model the general circulation of the Gulf of California, in particular the seasonal variability and its time mean, including all known forcing agents, with emphasis on a description of the vertical structure. Also, the relative importance of the forcing agents in the two main provinces (north and south) is assessed.
[8] The rest of the paper is organized as follows. Section 2 presents the model, forcing, and simulations. Section 3 shows the results and discussions with subsections for the heat and salt balances, sea surface temperature, and for the horizontal and vertical current structures, respectively. Finally, section 4 summarizes the results.
Model
[9] The numerical model used in this study is the layerwise vertically integrated Hamburg Shelf Ocean Model (HAMSOM). It is described in detail in several papers [Backhaus, 1983 [Backhaus, , 1985 Crean et al., 1988; Stronach et al., 1993; Marinone et al., 1996; Rady et al., 1998] . The model equations are solved semi-implicitly with fully prognostic temperature and salinity fields, thus allowing time-dependent baroclinic motion (see Appendix A for the model equations). The model domain has a mesh size of 2.5 0 Â 2.5 0 ($3.9 km Â 4.6 km). Twelve layers are used in the vertical with nominal lower levels at 10, 20, 30, 60, 100, 150, 200, 250, 350, 600, 1000 , and 4000 m. The number of layers depends on the local depth, and the last layer has a variable thickness to accommodate the topography. The thickness of the first layers is 10 m plus the surface elevation. Several runs were performed forcing the model with the seven most important tidal constituents, namely M2, S2, N2, K2, K1, O1, and P1, which account for more than 95% of the total tidal variance. The harmonic constants were estimated from several years of observations in Mazatlán, in the mainland side, and in Cabo San Lucas, at the tip of the peninsula (see Figure 1a) . From these points, the sea surface elevation was obtained at each time step and then interpolated along the open boundary. The coefficient of bottom friction was varied in the different runs until the best agreement with observed tidal harmonics at several tidal stations around the gulf was obtained. The associated tidal currents were also compared with observations: the harmonic constant differences between model and observations are on average within 10% of the obtained tidal current amplitudes [Marinone, 2000] .
[10] The temperature and salinity fields are prescribed at the gulf's entrance using Centro de Investigación Científica y Educación Superior de Ensenada's (CICESE's) historical data of the Gulf of California. The data consist of 41 cruises within the period 1939 -1995 and have about 2600 casts. From these data, the temperature and salinity fields were interpolated along the open boundary grid points for the available months (there are no data for January and September) of the year by means of objective analysis. The resulting fields agree very well with those reported by Castro [2001] . Then the data were least squares fitted to obtain the annual and semiannual harmonics. In general, the variability is larger at the surface and decreases toward the bottom. The annual temperature amplitude is much larger than the semiannual amplitude, as previously reported [Soto-Mardones et al., 2000; Castro, 2001] , while the salinity annual and semiannual amplitudes are similar. These hydrographic data, together with low-frequency sea level variations, are a source of semiannual variability of the gulf's circulation. Beier [1999] and Palacios-Hernández et al. [2002] forced their numerical model with an annual Kelvin wave through the velocity field, thus only annual variations were produced.
[11] At the sea surface a simple up-gulf and downgulf sinusoid seasonal wind is imposed with amplitude of 5 m s
À1
, with maximum up-gulf in August. This assumed wind, while not fully proved, is based on several reports that state that the winds in the gulf have a monsoon character [e.g., Alvarez-Borrego, 1983; Bray, 1988b; Badan-Dangon et al., 1991b; Douglas et al., 1993] . This assumption has been made also by Carbajal [1993] , Marinone [1998], and Beier [1997] studying the gulf's circulation and allows a direct comparison with the results presented here. (Preliminary analyses of satellite wind data in the gulf show that $50% of the variability is in the annual scale and the remaining variability is on scales ranging from few days to a couple of weeks.) Heat and freshwater fluxes were calculated with bulk formulae, as by Castro et al. [1994] . The meteorological parameters (air temperature, humidity, cloudiness, etc.) used to calculate the fluxes come from seven stations around the gulf (see Figure 1 ) and were also fitted to seasonal functions. From these stations, the harmonic constants were interpolated for the rest of the model domain. Then the fluxes were calculated using the model SST at every grid point, updated once a day, and included in the temperature and salinity equations at every model time step. The freshwater flux modifies only the salinity field. This ''realistic forcing'' has not been used before; however, Ripa [1990] envisioned ''that a model will need only hydrographic input at the mouth. . .'' it, which, as used here, is equivalent to the Kelvin wave forcing scenario.
[12] Finally, at the open boundary the temperature, salinity, and sea surface elevation are prescribed when the phase is into the gulf, otherwise radiation conditions [Orlanski, 1976; Chapman, 1985] are applied on the dynamical variables. A sponge was also applied to all the variables in the first 10 grid rows of the domain. The sponge was necessary to prevent the model from producing numerical instabilities. To check on the effect of the sponge, a run was made saving the results every time step in a midgulf cross section. Then a second run was made but only from this later section and forcing the model with the saved results. The results of the two runs in the area north of the section (of course) were almost identical except in the sponge area of the second run.
[13] The Gulf of California model, with its open boundary conditions at the mouth, is but a numerical approximation of the dynamics of the whole Pacific Ocean/Gulf of California system. The approximation is not good enough to extract the 18 TW (1 TW = 10 12 W) that (in average) enter the gulf every year through its surface. This causes the model SST to drift from observed values. In order to be able to study the thermohaline circulation, reasonable SSTs are needed; by trial and error it was found that by reducing the heat flux Q by a factor of 0.4 the observed SST is reproduced. This ad hoc solution is not much worse than that used in General Circulation Models [Kantha and Clayson, 2000] and that of for the Gulf of California. Similar, but noisier, results were obtained using relaxation techniques such as that of Barnier et al. [1995] , in which the heat flux is prescribed such that it drives the ocean, limiting the SST to not drift from a climatological SST. In addition, it is worth remembering that there are several sources of uncertainties/errors in the heat flux calculations, such as the bulk formulas, the boundary conditions, and the lack of meteorological data at the sea surface, etc. Although the SST is qualitatively well reproduced, this is undoubtedly an area in need of improvement since the prediction of the Gulf of California SST will be important for future studies of air-sea interaction, with consequences for rainfall in Mexico and the southwest USA [Mitchell et al., 2002] .
[14] For all the different experiments the model was started from rest, with a time step of 300 s, and it was run until all the variables were periodically stable. Three years of simulations were necessary; then the model was run for one additional year from which the results of this paper are obtained. Summarizing, the model is forced by (1) the tides, (2) climatological hydrography at the mouth (henceforth the Pacific forcing), (3) winds, and (4) heat and freshwater fluxes at the sea-air interface (see Table 1 ). Several runs are produced: four with a single forcing agent (named P, W, T, and Q standing for Pacific, wind, tides, and heat and freshwater fluxes, respectively), three with two forcing (named PW, TW, and PT), four with three forcing, and the reference run with all forcing (PWTQ).
[15] In the rest of the paper, instantaneous currents of the different runs are shown. As the focus of the paper is on the mean and seasonal circulation, when a particular run includes the tides as a forcing agent, they are removed in the results (but its effect on the mean and seasonal circulation remains) with a low-pass filter; these currents are indistinctly referred to as filtered or residual.
Results and Discussion
[16] As mentioned above, four aspects of the gulf's dynamics and thermodynamics are well known from observations: (1) sea surface elevation, (2) the heat and salinity budgets, (3) the SST climatology and spatial distribution, and (4) the surface circulation in the northern gulf. The challenge for models is to reproduce these features, at least qualitatively, before any credence is given to predict new features of the gulf's circulation.
Sea Surface Elevation
[17] Harmonic constants of the diurnal and semidiurnal tides were used by Marinone [2000] to calibrate the model and are not shown here. The low-frequency annual and semiannual components of the sea level obtained here agree well with the observed values at coastal stations and with previous calculations [e.g., Ripa, 1990 Ripa, , 1997 Beier, 1997] . At the annual frequency the amplitudes at the mouth are 14 and 11 cm in the mainland and peninsula side, respectively, and increase toward the head in both sides, but more in the mainland side. The amplitudes of the annual harmonic averaged at the coastal stations are 18.8 ± 4.5 cm for the model and 18.6 ± 3.6 cm for the observations. The maximum appears during August and first at the mainland side. This behavior was one of the features that led Ripa [1997] to propose that the dynamics of the gulf is controlled by the Pacific Ocean, by means of a Kelvin wave at the mouth that propagates around the gulf while being slightly dissipated. Following Ripa, we can take the phase difference between, for example, Guaymas and Santa Rosalía, which is about 8 days. The distance from one point to the other, along the coast, is about 1000 km, which corresponds to a phase propagation of 1.4 cm s
À1
. The semiannual component, on the other hand, is much smaller (3.4 ± 0.6 versus 3.5 ± 1.3 cm from the observations) and in general shows the same behavior as the annual component. Beier [1997] , and Berón-Vera and Ripa [2000] have found that in the mean the gulf gains heat through the surface and this must be exported to the Pacific Ocean. Beier tuned his model to export 18 TW to balance the imposed heat flux calculated by Castro et al.. Here the imposed heat fluxes are calculated from the meteorological variables (the same used by Castro et al. [1994] ) and with the SST calculated from the model. Castro et al. reported annual evaporation rates around 0.7 -1.4 m yr À1 from several sources, whereas, Berón-Vera and calculated 0.6 m yr À1 . The budgets of heat and salt integrated over the gulf are
where (H, S) = [rC p R T, R S] dx dy dz; r is density; C p is the specific heat of water; (T, S) are temperature and salinity, respectively; (F Q , F s ) are the heat and salinity fluxes at the mouth, respectively; and (Q s , E s ) are the heat and salt fluxes exchange at the sea surface, respectively. E s = R ES dx dy, where E is the evaporation rate. Heat and salt diffusion were found to be very small and therefore are not included in this diagnostic calculation. 
The nomenclature used in the run names is as follows: P, Pacific; W, winds; T, tides; and Q, heat and freshwater fluxes.
[19] In the model, the annual averages of the heat and salt budgets suggest a four-layer system: heat and salt flows out of the gulf in the first 200 m, from 600 to 1000 m, into the gulf from 200 to 600 m, and from 1000 m to the bottom. The whole gulf exports about 17 TW to the Pacific which is gained through the sea surface, i.e., a balance between the heat surface input and the heat flux through the open boundary. The mean salinity budget, on the other hand, is largely dominated by the salinity flux at the mouth, but its vertical integration over all the water column almost cancels, and the small difference is accounted for by the mean evaporation, which is $1.4 m yr
. (The annual average of the local rate of change of heat and salt contents are zero, as it should be.) These annual values agree well with those previously reported (see above).
[20] The seasonal heat and salinity balances from the reference run (which includes all the forcing agents) (see Table 1 ) are shown in Figure 2 . For the heat budget, the time variations of the whole gulf heat content (broken lines) are mainly controlled by the mouth flux (solid lines), i.e., by the Pacific Ocean; the surface heat flux (dash-dotted lines) is the smallest term. The amplitude of the variation of the different terms of the heat equation is almost an order of magnitude larger in the upper 350 m of the water column, and the heat budget of the gulf is almost defined there. For the salinity budget, the seasonal reversing flux of salinity in the mouth (in and out) is much larger than the other two terms, both in the first 350 m and in the rest of the water column. For this reason, in the two upper right panels of Figure 2 , the mouth flux is divided by a factor of 100 in order to appreciate the time variation of all terms. These mouth salt fluxes are almost inverted images in the right panels of Figure 2 and when we integrate over all the water column, the mouth flux is now of the same order of magnitude as the other terms and is balanced by them. The time variation of salt content for the whole gulf is larger than the freshwater surface flux, as in the heat budget.
[21] The time evolution of the different terms of the heat and salt budgets ( [22] In this work, we included the semiannual variability through the hydrography and the sea surface elevation fields at the mouth and therefore we have 11, 52, and 15 TW amplitude for the surface heat flux, the mouth heat flux, and heat storage, respectively. These results are larger than those of Berón-Vera and Ripa [2000] , who obtained 1.1, 7.3, and 7.5 TW, respectively. There are several sources for the differences. Their calculations were made with hydrographic data and coastal stations. They bin the data in boxes reaching only certain depth (800 m). They calculated the different fluxes with mean atmospheric values and climatological SST; here we first fit a seasonal function to the atmospheric values and then calculate the fluxes using the model SST. However, the main source of semiannual variability for these heat and salt balances is introduced through the mass flux due to the semiannual variability of the sea surface elevation and of the salinity field. This last variable is known to have a seasonal variation much more complex than temperature [Ripa and Marinone, 1989; Berón-Vera and Ripa, 2000] , with semiannual amplitude equal to the annual one. (In the model, if the semiannual components for the temperature and salinity fields are switched off, the variability of the mouth heat flux and the heat storage are reduced to 13 and 2 TW, respectively. The remaining variability is due to the mass flux at the mouth produced by the forcing of the surface elevation. If we switch off this last variability, no semiannual fluctuation would appear in the budgets.) This variation produces a large asymmetry, along the year, in the mass flux that is reflected, in harmonic analyses, in large semiannual amplitudes of the heat fluxes (especially in the salt flux as noted before). The mass flux variability is almost the same as that of the salinity flux at the mouth, shown in Figures 2b, 2d , and 2f, but divided by salinity, which varies little from 34 g kg
. On the other hand, for the salinity budget, the semiannual amplitude of evaporation in the 
Sea Surface Temperature
[23] The SST of the gulf, and for the ocean in general, is a key ingredient of the heat flux calculations. Comparing the seasonal evolution and the spatial structure of the model SST with that reported by Soto-Mardones et al. [2000] , it is found that the model reproduces in general the observed structure (not shown), e.g., in the central area of the northern gulf a warm/cold pool evolves, in the southern area a large lateral temperature gradient is present during summer, etc. Figure 3 shows the seasonal cycle of the laterally integrated SST along the gulf for observations taken from the advanced very high-resolution radiometer (AVHRR), for the period 1983 -1996, as well as from different model simulations (see Table 1 ). Comparing the observations with the reference run (or run PWTQ, which includes all the different forcings), we find that the observations show a larger along-gulf gradient, especially in winter and spring. However, both (observations and the reference run) have about the same amplitude (18°-32°C), the maximum SST occurs around August and the minimum in January -February. The observations contain a smoother increase and decrease of temperature along the year, while the model heating is faster and lasts longer than the observations.
[24] Comparing the seasonal variation of SST from Figure 3 for the different model runs we see that a key ingredient for the simulations or ''reproduction'' of the SST is to include the heat forcing from the atmosphere. When this forcing is excluded, as in run PWT (Figure 3c ), the surface waters are much colder, especially in the upper gulf, where the strong tidal currents cause vertical mixing. When only the winds and the Pacific forcing are included (i.e., without tides and heat forcing), runs PW and P (Figures 3e  and 3f , respectively), the SST is not as low as with tides, because the tidal mixing is absent. Excluding also the Figure 3e ), the SST is higher, indicating that the wind also produces lower temperatures through upwelling and mixing. The effect of wind and tidal mixing on the temperature was noted by Paden et al. [1991] with 2 years of satellite infrared imagery.
[25] Summarizing this far, the modeled sea level, heat and salt budgets, and the computed SST are comparable to observations. As often happens with numerical models, the SST had to be lowered by reducing the heat input by a factor of 0.4. This reduction was applied during the calculation of the SST only; the diagnostic heat budget calculation was carried out without this factor.
Horizontal Surface Circulation: Seasonal Variation and Annual Averages 3.4.1. Seasonal Variation
[26] As previously mentioned, the best known feature of the gulf's circulation is the seasonal gyre in the northern gulf (cyclonic in summer and anticyclonic in winter) measured by Lavín et al. [1997a] , with drifters, by Palacios-Hernández et al. [2002] , with current meters, and simulated by Beier [1997] and Palacios-Hernández et al., with a two-dimensional two-layer model. Here the same basic features are obtained. Figure 4 shows the filtered currents for the first model layer (top 10 m) of the reference run at the indicated date, one for each season of the year. The numbers to the right of the figures are the
where N is the number of grid points in the areas between the horizontal lines] in centimeters per second in the different areas. To avoid overcrowding, only one out of every three vectors is shown in the figures of horizontal currents. From November to April (6 months), an anticyclonic gyre occupies the northern gulf and a strong coastal current flows down-gulf along the mainland, borders Tiburó n Island, and then keeps flowing south. From July to about September ($3 months), the situation basically reverses. Transition periods take place during May/June and October. These results are similar to the description offered by Carrillo et al. [2002] , i.e., the winter anticyclonic gyre lasts longer than the summer cyclonic one. The gyre agrees very well with that reported by Lavín et [27] The surface circulation described above was obtained also by Beier [1997] with a two-layer model. He modeled the whole gulf and reported a surface circulation around the southern gulf also cyclonic and anticyclonic during summer and winter, respectively, with long periods of no communication between the northern and southern gulf; in the southern gulf his currents were confined to within one internal Rossby Radius. Here, across the southern gulf, we obtain periods of time of up-gulf and down-gulf currents (e.g., February in Figure 4 ), but in general the currents are also closer/confined to the coast. A cyclonic circulation is clearly established during July -September and anticyclonic during April and May and November and December. Clearly, more variability than the annual exists: there is a semiannual component, which was introduced in the forcing. To quantify both harmonics, we least squares fit the velocity components as where w is the annual frequency, (U, V ) are the amplitudes, (f, j) are the phases, and the subscripts (a, s) denote the annual and semiannual components, respectively. Next we calculate the RMS of the magnitude of each component, in bins along the gulf, as
where N is the number of grid points in each bin. Figure 5a shows A and S along the gulf for the reference run. The annual component is larger than the semiannual, and both decrease to the north, but the semiannual harmonic starts decreasing from Guaymas Basin. The semiannual component is more important in the southern gulf where the circulation reverses almost twice a year than in the northern gulf. There are two periods of anticyclonic circulation but only one cyclonic (see Figure 4) ; there is a long period of time, from the end of December to February, of southward flow where, if the cycle were mainly semiannual, the circulation would be cyclonic. As will be shown later, it is not cyclonic at this time of the year because the wind-induced currents overcome those produced by the Pacific Ocean; however, in the lower layers, a cyclonic circulation does get established. This is a new result and is mainly due to the semiannual character of the salinity field. Figure 5b shows the ratio A/(A + S) for different runs: the thick line corresponds to the reference run, the solid line to a run when the semiannual component of temperature is switched off, and the dashed line when also the semiannual component of salinity is turned off. As mentioned in the Heat and Salinity budgets, when the semiannual component of salinity in the boundary conditions is switched off, the semiannual amplitude of the different fields is noticeably reduced. The effect of temperature is smaller because its semiannual amplitude is small.
[28] The horizontal structure of the currents in the lower levels is somewhat similar, fading out or diminishing with depth and even reversing direction in some areas (important vertical structure is present; vertical sections of the currents will be shown later). As an example, Figure 6 shows the horizontal currents, as in Figure 4 , for the depth ranges (1) 60-150 m (layers 5 -6), (2) 150 -350 m (layers 7 -9), (3) 350-600 m (layer 10), and (4) 600 m to bottom (layers 11 -12). The current for the 0 -60 m range is very similar to that of layer 1 (Figure 4) and is not shown. The currents are, in general, weaker (compare the RMS for the different depths). The most salient feature occurs during February: in the upper layers the flow is basically southward, but as mentioned before, at depths starting from $60 m, a cyclonic circulation is established (Figure 6a ). The reason is that the wind, at this time, is southward with maximum speed and in the upper layers the currents are driven by the wind , the wind speed at this time,). During May and November (Figures 6a -6c ) the wind reverses and its magnitude is $0, the currents at depth are similar to those of the surface but weaker, an anticyclonic circulation dominates the entire water column. During August, the wind is northward, with maximum speed, and the currents are stronger on the peninsula side at depth, against being stronger at the mainland side at the surface. In the lower part of the water column (600 m to bottom), seasonal reversing eddies at del Carmen, Farallon, and Pescadero Basin develop.
[29] Harmonic analyses of the currents in lower layers were also performed to quantify the amplitude of the annual and semiannual components of the flow. In general, the amplitudes are smaller with depth, but the semiannual component is larger than the annual at the southern gulf at depths larger than the Ekman layer. North of Á ngel de la Guarda Island (hereafter AGI), on the other hand, the annual component is larger than the semiannual one. Thus the northern gulf circulation oscillates mainly at the annual frequency and the southern gulf also with the semiannual Table 1 for the forcing included for each run.
one. The southern gulf is largely influenced by the Pacific Ocean low-frequency forcing (besides sea level variation, the temperature and salinity fields are forced as annual plus semiannual components) because it is in direct communication with it. The wind is imposed in the annual scale along the gulf and influences it everywhere, especially in shallow areas. The tides influence mainly the northern gulf, from San Pedro Martir Basin, where strong tidal currents of $50-100 cm s À1 have been reported [Badan-Dangon et al., 1991a] and large mean residual currents are produced through tidal mixing there [Marinone, 1997] . Thus as Figures 4 and 6 show, wind-and tidal-induced currents compete with the currents induced by the Pacific and reduce the semiannual component such that only one change of direction per year occurs in the northern part of the gulf.
[30] In order to evaluate the effect of the different forcing agents in the northern part in producing mainly annual fluctuation of the surface circulation obtained with the reference run, which agrees with the observed circulation, Figures 7 -9 show the time evolution of the simulations with different forcing. In order to save space, only the top 75% of the gulf is shown: the structure of the remaining part can be visualized as an extension of the lower part shown, e.g., currents close to either coast, or up-gulf and down-gulf currents across the gulf.
Single Forcing Agent
[31] Figure 7 shows the seasonal evolution of runs T (top row), W (middle row), and P (bottom row), forced only with tides, winds, and the Pacific, respectively, for the first model layer (top 10 m). The curved arrow on the right-hand side of each vector plot indicates the sense of rotation of the circulation and the figures are the RMS, in centimeters per second. For run T, the circulation produced is different in the northern and southern gulf. The northern gulf has a large basin-size anticyclonic gyre, small cyclonic eddies north of AGI and between AGI and Tiburón Island, and an anticyclonic gyre south of Tiburón Island, over San Pedro Mártir Basin. The last gyre is just on the edge of the sill that separates the deeper southern gulf from the shallower northern gulf. The residual currents produced by the tides there have smaller temporal fluctuating component (e.g., fortnightly or monthly modulations) than the annual average and therefore do not change the sense of the circulation along the year. In the southern gulf, important seasonal variability appears in the semiannual scale. This is due to the low-frequency sea level forcing introduced at the gulf's entrance. A run without the later forcing produced basically no currents in the southern part, with the northern half remaining without change, i.e., this residual circulation in the northern part is due to rectification and mixing induced by the diurnal and mainly semidiurnal tidal constituents. This is also corroborated by a barotropic model run where all this circulation is reduced to a few eddies, in the same locations, but with smaller velocities.
[32] Run W, forced only with wind (which has only annual component), produces anticyclonic circulation in the northern gulf during winter/spring and produces cyclonic circulation in autumn/summer. In the southern part of the gulf the current flows up-gulf and down-gulf, almost as a slab, in the direction of the wind. The currents are stronger than those of run T during the periods of maximum wind (winter and summer). Run P, forced only by the Pacific Ocean hydrographic fields, produces weaker currents in the northern half (RMS maximum $2 cm s À1 ). In the southern part, a cyclonic period occurs in summer and an anticyclonic one during winter and spring. In the northern part, in February the currents for the different runs are all in the same direction. Runs P and T have the same (opposite) direction during May (November), when the wind-induced currents are weaker. In August, runs W and P produce cyclonic circulation in opposition to those of run T.
[33] Finally, run Q, with only Q and E-P forcing, produces very weak currents (and is therefore not shown) with RMS of <3 mm s À1 in the northern area and smaller in the island zone and in the southern area. The spatial structure, in the entire water column, of the circulation in the northern part is organized as an anticyclonic gyre around Delfin and Wagner basins throughout the year. In the southern part, in the top 60 m, the weaker flow reverses direction once a year with the larger speeds on the mainland side; it is up-(down)-gulf during winter and spring (summer and autumn). From 60 to 200 m the flow is down-gulf and from 200 m to the bottom it is up-gulf all year round. This run represents the thermohaline circulation and would be comparable to the circulation scheme proposed by Bray [1988a] . However, the model results (shown below) indicate that the three-layer system discussed by Bray results from the forcing of all the different agents and not from the Q and E-P forcing.
Multiple Forcing Agents
[34] As the model is nonlinear, the runs combining two forcing agents can produce results that are different from those obtained by a simple linear sum. Also, their sum at times is not as clear because the individual cases are not at exactly the same phase. Figure 8 shows the surface currents for runs PW (top row), PT (middle row), and WT (bottom row), respectively. The result is quite simple for run PW: during February and August the winds are maximum and so are their induced currents (see run W in Figure 7 ) and those of run P are weak and strong during February and August, respectively. Therefore during February and August run PW is very similar to run W but stronger (see their RMS) in summer when both forcing are in phase. During May and November the winds are minimum and run PW is very similar to run P. The resulting temporal variability of the circulation, in the north, is mainly annual. The middle part of Figure 8 shows run PT, forced with the Pacific and tidal forcing. Here the tides dominate the northern gulf circulation, especially during August when run P produce currents in opposite direction than those of run T, which are about the same than run PT there. For the southern part, on the other hand, both work in harmony except during February, when the individual runs P and T produce currents in opposite directions.
[35] With wind and tidal forcing (run WT), lower part of the Figure 8 , the resultant circulation is very much like that of a linear sum. When winds are maximum (February and August), the result of the forcing agents is similar to that of the wind because the wind-induced currents are much larger than those of the tides. During May and November, the opposite happens. Figure 9 shows the combinations of three forcing, including Q and E-P in all of them, these are runs PWQ (top row), PTQ (middle row), and WTQ (bottom row), respectively. As expected, because run Q produces very weak currents, the runs shown in Figure 9 are very similar to those of Figure 8 . The spatial structure does not change in any run and at any time.
[36] Comparing the runs with two and three forcing agents it is seen that in the southern part of the Gulf of California the Pacific Ocean and the winds drive the surface circulation. In the northern part, the combination of wind and tide produces a circulation closer to that of run PWTQ. Run PW gives different sense of circulation during February in the north of the gulf. When tides are included there is more small-scale spatial structure in the current field. Finally, the results with the Pacific Ocean, winds, and tidal forcing are very similar to the reference run (Figure 4) and are not shown.
Empirical Orthogonal Functions
[37] In order to extract more objectively the spatial structure and temporal evolution of the current field, empirical orthogonal function (EOF) analyses were applied to the velocity components (u, v) using singular value decomposition technique [Emery and Thomson, 1997] . The data have the mean removed and normalized with the standard deviation. Then, the modes are constructed such that the spatial components have the physical units and the temporal components are dimensionless. Figure 10 shows the first two EOF's modes for (1) the surface layer (0 -10 m) and (2) the sixth model layer (100-150 m) of the reference run (or PWTQ), respectively. For the first layer, the two modes add up to $87% of the variance. The first mode, with 62.6% of the variance, captures the annual component of the gulf's seasonal circulation; its temporal mode is annual. The spatial structure reveals the reversing basin-size seasonal gyre in the northern gulf and a strong coastal seasonal jet in the mainland side of the southern gulf. The second mode, with 25.0% of the variance, has larger amplitude in the south than in the north one and represents the semiannual component of the seasonal evolution (see its temporal component), which is due to the Pacific Ocean forcing. In the EOF analyses, the mean was removed; however, it is small and the total currents actually reverse as indicated by the temporal modes (as Figures 4 and 6 show) . The third mode (not shown) explains 9% of the variance and captures smallerscale features of annual variation: one eddy south of the sill, over San Pedro Mártir basin, one between the large islands, and another north of AGI. The analysis of the interior layers gives very similar results, until reaching depths where the wind influence disappears, as mentioned above. Figure 10b shows, as an example, the sixth model layer EOF components. The first mode has larger semiannual variability (68% of the variance), which is due to the Pacific Ocean forcing. The second mode shows a weaker coastal current in the mainland side. In the northern part, the gyre is still present.
Annual Average
[38] Figure 11 shows the annual-averaged velocities for selected layers of the model for the reference run. In the southern gulf the velocities are weaker (RMS $1-2 cm s À1 ) than in the north (RMS $2-5 cm s À1 ). The spatial structure of the southern part consists basically of down-gulf currents in the first seven layers, then up-gulf currents between 600 and 1000 m, and in the rest of the water column, currents following the bathymetry. North of the islands, the resulting large-scale circulation is mainly anticyclonic. Between the two large islands the flow is cyclonic, like the small eddy north of AGI. South of the sill, over San Pedro Martir Basin, a strong anticyclonic gyre is present. Over the sill a northward flow with speed $10-20 cm s À1 occurs in the bottom part of the water column. There is also a large vertical shear and in some areas (e.g., east of AGI, over Salsipuedes Sill) the currents even change direction with depth. This will be shown more clearly below.
[39] Many other mesoscale features are present in the annual-averaged currents of Figure 11 and are due mainly to tidal rectification mechanisms (topographic steering, the oscillatory motion around islands of headlands [e.g., Pingree and Maddock, 1985] ) and tidal mixing processes [e.g., Ou and Maas, 1986] in a stratified system. These features disappear in the runs without tides (P, W, PW, and PWQ) as well as in a homogeneous run with tides (not shown), with the exception of the eddy over San Pedro basin. Without tides, the instantaneous residual or filtered currents are similar to those obtained when tides are included. However, for the annual average, currents forced at annual and semiannual scales, like those forced by the winds and the Pacific Ocean obviously cancel in the annual cycle (i.e., a year average) and those induced by tidalinduced processes remain. This result is presented in Figure 12 , which shows the annual-averaged currents for the first and sixth model layers for the indicated model runs. The runs without tide are excluded because, as mentioned, they have very small annual-averaged currents (RMS < 1 cm s
À1
). The simulations including tides (Figures 12a -12d for the first layer; Figures 12e -12h for the sixth layer) are all very similar. The tides make an important contribution to the annual-averaged currents of the gulf's circulation. This does not mean that at any instantaneous moment this mean residual current will be larger than that produced by the other forcing agents (see Figures 4 and 6-8) .
[40] In the tidal rectification jargon, mean residual currents are produced mainly at topographic scales (H/rH) on the order of the tidal excursion L e (= V/w, where V is the amplitude of the tidal current and w is its frequency, Loder [1980] ; Zimmerman [1980] ). Assume that V $ 30 cm s À1 , L e $ 2 and 4 km for the semidiurnal and diurnal tides, respectively. Taking this idea to the current due to the wind and the Pacific with the same V, the scales are $750 and 1500 km, respectively, which are on the order of the size of the gulf and therefore not much energy transfer occurs from these oscillatory motions to the mean flow.
[41] Another way to see the relative importance of the different forcing agents is by comparing their energy levels. This was done by integrating the kinetic energy
] over 1 year in the entire domain. The final quantity of each run was normalized such that the largest kinetic energy is 100, which corresponds to the reference run. The runs that include the tides have similar numbers (100.0, 98.4, 97.5, 87.6, 87.6, and 87.3, for runs PWT, WT, WTQ, T, PTQ, and PT, respectively) and are larger than those without tides by an order of magnitude (14.8, 12.5, 11.9, 0.3, and 0.004, for runs PWQ, W, PW, P, and Q, respectively). The result is not a linear sum of the individual contributions. The tides produce strong currents and transfer energy to the mean currents. With this metric, the run with only the Pacific forcing (after run Q), produces the smallest mean kinetic energy level.
[42] Summarizing, the model reproduces qualitatively the basin-wide seasonal gyre reported by Lavín et al. [1997a] in the northern part of the gulf. The seasonal evolution of the currents results from the combined action of the tides, the wind, and the Pacific Ocean. In the northern gulf, the annual character of the wind forcing and the mean tidal residual currents inhibit the semiannual temporal forcing of the Pacific and therefore result in an annual cycle of the Figure 14 . Seasonal evolution of the along-gulf currents from run PWTQ for section A. Positive flows into the gulf. Vertical and horizontal scales are in meters and kilometers, respectively. currents. In the southern gulf, the wind and the Pacific Ocean action produce a semiannual cycle of the currents. On the annual average, currents due to tidal mixing dominate the circulation; these currents are much stronger in the northern half of the gulf than in the southern gulf.
Vertical Structure: Seasonal Variation and Annual Averages
[43] Several robust results previously reported in the literature, namely low-(and high-) frequency sea surface elevation spatial and temporal variability, overall heat and salinity budgets, SST spatial and temporal evolution, and the seasonal reversing gyre in the northern gulf, have been qualitatively modeled. Let us now explore and describe the vertical structure of the modeled currents. 3.5.1. Annual Average
[44] Figure 13 shows the annual average of the along-gulf currents for four cross sections of the reference run. The figure in each section is the RMS. The position of each section is shown in Figure 1 ; their vertical (m) and horizontal (km) scales are different. The velocity field shows large horizontal and vertical shears, revealing a high degree of baroclinicity. Now the structure of the different sections is described.
[45] To the left of section A in Figure 13 the vertical structure of the cyclonic eddy north of AGI (see also Figure 11 ) is shown. The gyre is tilted with depth: at the surface it is located to the right of AGI, but with depth it is shifted to the west (left in Figure 13 ), centering over Delfin Basin. To the right of the section a coastal current flows southward, covering the entire water column, until it reaches Tiburón Island where part of it bends west and north to feed two eddies, one north of AGI and another one between the two large islands. Section B is the most energetic with an RMS velocity of 5 cm s
À1
. It is located at the sill that separates the shallow northern gulf and the deep southern gulf. Basically, in this section there is inflow at the bottom and outflow in the upper layers. Section C splits an anticyclonic eddy at the end of the shoaling of the topography going north (see Figures 1, 4 , and 11) over San Pedro Martir Basin. This eddy is very coherent down the water column; it has northward flow in the central part of the section and southward in the right side of the section, from surface to bottom. Note that around 125-m depth, in the peninsula side, there is a coastal southward jet carrying saltier water, which has been described as the gulf water which flows south this way [Bray and Robles, 1991] . (This characteristic is related to water mass formation, a phenomenon that we are not studying here.)
[46] Section D is the southernmost one with weaker velocities (RMS $1 cm s À1 ). This section represents very well the spatial and temporal structure of the modeled southern gulf. It has southward flow in the first 250 m, then northward flow in the next few 100 m. At depths larger than $700 m, the current structure is due to a cyclonic eddy which flows around Pescadero basin.
Seasonal Variation
[47] The seasonal variation of the current of sections A, B, and C has a spatial structure similar to that of the timeaveraged currents. Section D has the largest seasonal variation because from San Pedro Basin to the north, sections A, B, and C, large mean tidal-induced residual currents (mixing and rectification) occur.
[48] In section A (Figure 14) , the flow on the mainland side is present almost all year as well as the cyclonic eddy over the basin, with the exception of summer when a reversal of the flow occurs and the cyclonic eddy disappears. The speeds are large ($10 cm s À1 ) in the coastal jet.
[49] Section B (Figure 15 ), which is on top of the sill, has inflow always on the lower part of the water column and outflow in the upper part. The boundary between both layers varies between 200 and 300 m. On the top $40-50 m, a seasonal reversing wind-driven flow occurs, southward during summer and northward during winter. The magnitude of the currents is $15 cm s À1 in this section.
[50] Section C is shown in Figure 16 . This section, which goes through the eddy produced by tidal mixing, has the same flow direction during a large part of the year: inflow in the center and in all the water column and outflow at the sides. Only close to the coasts and at the surface, a reversal of the flow occurs. During August, however, a three-layer system is established with northward flow at the surface and bottom of the water column and southward flow at middepth.
[51] Section D (Figure 17 ) shows larger time variability than the other sections, mainly at the expense of a small mean current here. It shows the semiannual character of the southern part for the entire water column. Flow in at one side of the gulf and out on the other side and reversing direction twice a year and overall the water column. Castro [2001] constructed a seasonal cycle, at sections close to the one presented here, both north and south of section D, of geostrophic currents with cruises from the years of 1994, 1995, 1997, 1998, and 1999 . There are agreements and disagreements: the magnitudes are similar, the currents are deep, in both, model and observations, the direction of the flow at times agrees and at times does not. Castro's currents show much more temporal and spatial structure than the model, which is limited (by the forcing) to few times scales and with climatological hydrographic data at the gulf entrance, which is near the section. Collins et al. [1997] show also cross sections of the area with measurements using an acoustically tracked dropsonde during April, May, and December 1992, and January 1993. They found also that the currents extend deep into the water column, with magnitudes exceeding 10 cm s À1 ; however, they have Figure 16 . As in Figure 14 for section C.
always inflow and outflow at the mainland and peninsula sides, respectively. This suggests that large spatial and temporal variability is present in the gulf.
Empirical Orthogonal Functions
[52] As with the horizontal currents, EOFs were also applied to the currents of the different sections just described in Figures 14-17, i.e., to the along-gulf velocity component. We want to show again the seasonal behavior of these currents in a more compact way. In this case we do not remove the mean from the data (as it is customary and as we did in section 3.4). We did the EOF analyses with and without the mean. When the mean is small, the results are similar (this happens with section D). When the mean is large, the modes differ, in particular it happens that the second mode of the EOFs with the mean retained appears as a first mode of the EOFs demeaned. We found it more useful to describe and visualize the seasonal evolution of the along-gulf flow, as will be described below, retaining the mean. For example, the spatial structure of a particular section will reverse direction when the temporal mode changes sign.
[53] Figures 18 and 19 show the spatial structure of the first and second modes, respectively, for each vertical section, and Figure 20 shows their time evolution. Again, a rich vertical structure is revealed. In section A the first mode dominates throughout the year except during summer when the second mode dominates, its temporal components are large for this time of the year (see Figure 20 ). Section B also shows this behavior. The first mode dominates, representing a permanent two-layer system (temporal component is always positive), except during summer, when the second mode contribution is large and represents the surface reversing seasonal flow. The amplitude of the second spatial mode is $20 cm s À1 in the upper 40 m and its temporal mode is large during summer (positive) and winter (negative); thus during summer and winter the flow is northward and southward, respectively. Similarly, in section C, the first mode captures the structure of the eddy south of the sill and over San Pedro Mártir Basin, also without reversal during the year and its second mode represents a two-to three-layer system with annual variation. In the three sections, the mean is large and, therefore the largest modes show no change of sign along the year.
[54] Section D has smaller mean currents (see Figure 13 ). The first EOF mode represents the seasonal circulation of inflow in one side of the gulf and outflow at the other side; the temporal component of the mode has large semiannual amplitude (Figure 20) . The second mode captures the development of a two-layer system; its temporal mode is always positive and is large only in February and March.
[55] The temporal components of the second mode of sections A, B, and C are mainly annual, while that of section D is always positive. For the analyses without the mean currents, the temporal component of the first EOF of sections A, B, and C shows mainly annual oscillations (not shown). The northern gulf semiannual amplitude is small compared to the annual (the observed gyre is not symmetric in time, it is cyclonic for 4 months and anticyclonic for 6 months).
[56] The vertical and lateral structures are very complicated; sometimes a two-to three-layer system is present, as reported before, sometimes it is not. If the along-gulf currents are integrated laterally, a simple two-and threelayer system emerges. Figure 21 shows the laterally integrated along-gulf velocity for the annual cycle every 2 months and the annual average. The left side of the figure corresponds to the upper 300 m of the water column, and the right side from 300 m to the bottom. The annual cycle shows the inflow and outflow of water evolving from two to four layers. During January and February the inflow is between 150 and 600 m, with outflow above and below this depth range, by March this system weakens, the bottom inflow disappears, and in April and May reduces to a two-layer system, there is outflow in the upper 600 m and inflow below this level. In June (not shown) the system starts to reverse, and by July a four-layer system starts to form. It is fully established by August (not shown) when inflow takes place in the top $50 m and between 350 and 1000 m and outflow between 50 and 250 m and from 1000 m to the bottom. In September and October (not shown) it reduces to a threelayer system. Inflow is from $600 m to the bottom (the bottom outflow disappearing), and by November and December a two-layer system is obtained again, outflow in the upper $300 m and inflow in the rest of the water column (in November there is still a residual outflow in the south).
[57] The annual average of the longitudinal circulation is shown in the bottom of Figure 21 . Here the system is reduced to a simple two-layer flow: outflow on the top 250 m and inflow in the rest of the water column. This general circulation is consistent with the description proposed by Bray [1988a] based on geostrophic calculations: outflow between 50 and 250 m, inflow from 250 to 500 m, and the top 50 m being driven by the seasonal winds, which on the annual average disappears. She also suggested that inflow take place in the rest of the water column, as obtained here. As mentioned before, this layered system is not the thermohaline circulation as interpreted by Bray, it is the result of all forcing agents and can be interpreted as the general circulation.
[58] Summarizing, the spatial structure of the gulf's circulation is complicated and depends on the geographical area. Laterally, the surface general circulation in the southern gulf shows inflow in one side and outflow on the other, with two periods of anticyclonic circulation and one cyclonic per year. Below the Ekman layer, the semiannual component of the circulation is much larger, and cyclonic and anticyclonic circulation is established twice a year. The northern gulf temporal variability is mainly annual. Vertically, there are areas where the system can be simplified as of one, two, and three layers. When the currents are laterally averaged, below about 250 m, the mean currents are always to the north, consistent with previous estimates as reported by Bray [1988a] . There is a seasonal evolution from two to four layers.
Summary and Conclusions
[59] A three-dimensional numerical model is used to simulate the seasonal and time-averaged circulation of the Gulf of California. The model was forced at its opening (the Pacific Ocean) specifying the sea surface elevation, containing the tides, and the seasonal changing temperature and salinity fields. At the sea surface, seasonal meteorological variables were used to force the model as well.
[60] The model was found to reproduce previous estimates of heat and salt balances and the low-frequency variability of the sea surface elevation. Also, the SST space and time evolution was satisfactorily reproduced; it is found that the inclusion of heat fluxes at the sea surface is indispensable to model the SST. The circulation itself was also in agreement with previous estimates in the northern gulf, reproducing a reversing seasonal gyre.
[61] The Pacific Ocean and wind forcing are important in the southern gulf where they produce a large semiannual fluctuation of the circulation. Wind forcing produces important circulation in the north, and in the south it drives Figure 19 . As in Figure 18 for the second EOF. the surface currents as a slab. Tidal currents induce important mean residual circulation in the northern gulf (speed range of 10-15 cm s À1 around the islands) and none in the southern part. However, low-frequency sea level fluctuations drive important currents in the southern gulf. It was found that the heat and freshwater fluxes do not produce a significant current with effect on the mean and seasonal circulation; in other words, the thermohaline circulation is very weak compared to that produced by winds, tides, and the Pacific Ocean. These results suggest a reinterpretation of the three-layer circulation pattern proposed by Bray [1988a] : it represents not the thermohaline circulation but the general circulation of the gulf, caused by all the forcing agents. This interpretation was first suggested by Lavín et al. [1997b] . The role of the local air-sea heat and freshwater fluxes is to create Gulf of California Water (GCW), which is then advected by the general circulation forcing at the depths appropriate to its density.
[62] A general three-dimensional and seasonal evolution of the most obvious large-scale features of the gulf's circulation is schematized in Figure 22 . The sketched circulation corresponds to what would be the core of the currents from 0 to 60 m and 60 to 150 m in Figure 22a , from 150 to 350 m and 350 to 600 m in Figure 22b , and from 600 to 1000 m and 1000 m to the bottom in Figure 22c , respectively.
[63] 1. The winds and the Pacific forcing drive the currents in the southern gulf. Its circulation reverses twice a year below 60 m. During May and November the flow is in general anticyclonic with speeds of $20 cm s À1 . The flow is down-gulf in the mainland side and up-gulf along the peninsula side. In the bottom layers the effect of the topography is large, particularly in November, when anticyclonic gyres are developed over the del Carmen, Farallón, and Pescadero basins (see Figure 22c) ; currents at depth are $5 cm s
À1
. During February and August the flow simply reverses direction. During February the currents in the upper layers basically flow southward.
[64] 2. The northern half of the gulf is additionally influenced by the tidal residual currents, and the large-scale Figure 21 . Along-gulf velocity, laterally averaged, for the indicated months. The left panels correspond to the top 300 m, and the right panels from 300 m to the bottom. The bottom panels show the same velocity field but annually averaged. The arrows depict the flow direction.
(basin-wide) circulation flow reverses direction only once a year: cyclonic in summer and anticyclonic in winter.
[65] 3. Many mesoscale structures are present in the flow. Close to the large islands, over Delfín and Tiburón Basins, between Tiburón Island and the peninsula (passing over Salsipuedes Sill), and between AGI and the peninsula. North of AGI a cyclonic gyre is always present in the lower levels. Over Salsipuedes Sill and San Pedro Mártir Basin, an anticyclonic gyre over the basin is present all yearlong (during November it is absorbed by the large-scale flow of the southern gulf ).
[66] Finally, we should say that the model results are encouraging. Ripa [1997] mentioned that just hydrographic data and sea level at the mouth would be enough to model the gulf. This is exactly what was done here. However, the constructed hydrographic fields used as inputs are far from ideal and more measurements are needed before more realistic currents are modeled. The same necessity holds true for the meteorological data, and many other aspects of the model that can be improved. provided the harmonic constants for surface elevation. This research was financed by CONACyT, through grants 4300P-T and 35351-T, and by CICESE's regular budget.
